The ultrastructure of primary cultured rat Kupffer cells was studied using transmission X-ray microscopy as well as transmission electron microscopy. X-ray microscopical images of intact, hydrated Kupffer cells demonstrated structures such as cell nucleus separated by a nuclear membrane and filaments concentrated in the perinuclear area. Within the cytoplasm, a number of vacuoles were visible; some of these were crescent-shaped vacuoles that were half X-ray lucent, half X-ray dense; others were uniformly dense. The number of crescent-shaped vacuoles was predominant. After phagocytosis of haematite particles, enlarged vacuoles containing the ingested material were visible within the cytoplasm of Kupffer cells while crescentshaped vacuoles were no longer detectable. Densitometric analysis of the two types of vacuole revealed that the X-ray absorption of the uniform vacuole was approximately half that of the dense part of the crescent-shaped vacuoles. This observation led to speculation on the existence of only one type of vacuole in the cytoplasm of Kupffer cells. The different morphological aspects -crescent-shaped versus uniform vacuoles -might be due to different threedimensional orientation with respect to the image plane. Using transmission electron microscopy, the morphology of vacuoles differed more widely in diameter, density and shape. Two main types of vacuole were identified: electronlucent and electron-dense. Based on the observation of only one type of vacuole by transmission X-ray microscopy, the different morphological aspects of vacuoles obtained by transmission electron microscopy could be explained by imaging several different sections of a crescent-shaped vacuole. From the present data it can be concluded that transmission X-ray microscopy is a versatile technique that reveals the ultrastructure of intact, unsectioned biological specimens in their aqueous environment, thereby allowing a more comprehensive interpretation of data obtained by transmission electron microscopy.
Introduction
Hepatic sinusoidal cells play a critical role in the maintenance of liver function, under both physiological and pathological conditions. Four types of sinusoidal cell have been identified: endothelial cells, Kupffer cells (KCs), hepatic stellate cells, and pit cells. The development of isolation techniques and the maintenance of these cells in primary cultures has permitted the in vitro investigation of their structure and function (for review see Rieder et al., 1992) . KCs are hepatic macrophages which are found within the liver sinusoid. They reside on or between the endothelial cells and have cytoplasmic processes into the subendothelial space of Dissé in direct contact with hepatocytes and hepatic stellate cells (Rieder et al., 1992) . Their location within the lumen of the hepatic sinusoid makes KCs the first macrophages to come into contact with gut-derived foreign and potentially noxious material. In common with other macrophages the main properties of KCs are endocytosis (with destruction of the ingested material), antigen presentation, and the secretion of biologically active products. The characteristics of endocytosis comprise many functions, including clearance and destruction of microorganisms, endotoxins, tumour cells, particulate debris and viruses (Bouwens et al., 1987; Wake et al., 1989; Toth & Thomas, 1992; Smedsrod et al., 1994) . KCs possess the typical morphology and behaviour of macrophages. The endocytotic capacity of these cells is very high and is made possible by the development of numerous pinocytotic and phagocytotic vesicles. Their cell bodies show microvilli, lamellopodia, and occasional filopodia. These ultrastructural features, together with abundance of a variety of lysosomal enzymes present in KCs, reflect the prominent role of these cells in the degradation of particles taken up from the bloodstream (Kuiper et al., 1994) .
The ultrastructure of KCs has been well characterized by transmission electron microscopy (TEM) (Wisse, 1974a, b; McCuskey & McCuskey, 1990) . Substantial progress in the new technique of transmission X-ray microscopy (TXM) during the last two decades has led to the development of X-ray microscopes which now facilitate the study of structures of biological interest Schmahl et al., 1996) . The high penetration power of X-rays allows studies on whole hydrated cells up to 10 mm in thickness. In contrast, for structural studies by conventional TEM, sections of less than 1 mm have to be prepared. Even using high-voltage TEM, which can handle specimens thicker than 1 mm, it is impossible to image whole hydrated cells. Therefore, complex cellular structures have to be deduced from imaging serial sections of cells. The spatial resolution obtained by modern TXM is about 10 times higher than that obtained using conventional visible light microscopes. Thus, additional information on the ultrastructure of intact cells can be obtained by TXM at a resolution which is between that of light microscopy and electron microscopy.
After isolation and culturing of cells, KCs form cytoplasmic processes and appear as flat cells, and are therefore particularly suitable for X-ray microscopical studies. In preliminary experiments using this new microscopical technique, numerous vacuoles were detectable in the cytoplasm of KCs. Therefore, the aim was to study the ultrastructure of primary cultured rat KCs in an aqueous environment with particular interest in their vacuolar apparatus using X-ray microscopy. Since up to now only a few papers have focused on comparative studies done by X-ray microscopical versus electron microscopical techniques (Goncz et al., 1995) , in the present study KCs have been investigated by TEM as well.
Materials and methods

Materials
Chemicals were reagent grade and obtained from commercial sources. Pronase E was purchased from Merck (Darmstadt, Germany), and DNAse and glucose oxidase were supplied by Boehringer Mannheim (Mannheim, Germany). Collagenase was obtained from Biochrom KG (Berlin, Germany). The monoclonal antibodies ED1 and ED2 were purchased from Serotec (Oxford, U.K.). The antiserum directed against human albumin and the monoclonal antibody against smooth muscle a-actin were provided by Sigma (Deisenhofen, Germany). The monoclonal antibodies against desmin and rabbit immunoglobulins to human von Willebrand factor were supplied by Dako (Copenhagen, Denmark).
Isolation and culture of rat KCs
KCs were isolated according to Knook & Sleyster (1976) by density gradient centrifugation and counterflow elutriation with slight modifications as described previously (Schmitz et al., 1995; Scharf et al., 1996) . The KCs obtained were resuspended in culture medium (MEM supplemented with 30% (v/v) FCS, 100 U penicillin mL -1 , 100 mg streptomycin mL -1 ) and cultured on plastic dishes at a density of 5 × 10 6 cells/dish. KCs were kept in culture at 37 ЊC in a 5% CO 2 atmosphere and 100% humidity. Purity of KCs was assessed at days 2 and 6 of culture: KCs were evaluated by immunofluorescence for the presence of desmin, smooth muscle a-actin, von Willebrand factor and albumin as stated earlier (Scharf et al., 1996; Scharf et al., 1998) . KC cultures showed only a < 1% contamination with hepatocytes. Endothelial cells (von Willebrand factor-positive) and hepatic stellate cells (desmin and smooth muscle a-actinpositive) were not detected. All cells were positive when stained with the monoclonal antibodies ED1 and ED2.
For TXM and TEM, KCs were cultured on polyimide foils that had been coated by electron beam evaporation with Si and SiO 2 (Balzers Process Systems GmbH, Munich, Germany) as described in detail recently (Methe et al., 1997) . In general, TXM allows the study of intact cells in their aqueous environment. However, it has been demonstrated recently that radiation damage of cells was significantly reduced after glutaraldehyde fixation compared to chemically unfixed cells (Williams et al., 1993; Schneider, 1994) . Therefore, KCs were washed threefold in phosphatebuffered saline (PBS; 150 mmol
(v/v) Na 2 HPO 4 ), then fixed in PBS containing 1·75% (v/v) glutaraldehyde and stored at 4 ЊC until analysed.
Characterization of isolated KCs by phagocytosis of haematite particles
Haematite particles about 80 nm in diameter are easily detectable by X-ray microscopy within cells through their strong X-ray absorption. In preliminary experiments, it has been demonstrated that haematite particles were endocytosed by KCs and were therefore suitable for monitoring the process of phagocytosis in KCs by TXM. At day 3 of culture, KCs were washed and covered with culture medium containing haematite particles. After 2 h, KC cultures were washed intensively to remove non-ingested haematite and were then fixed as described above.
Resolution and contrast in transmission X-ray microscopical images
The theory of the transmission X-ray microscopy and the X-ray microscope used in the present experiments have been described in detail recently Schmahl ᭧ 1999 The Royal Microscopical Society, Journal of Microscopy, 193, 250-256 et al., 1995 . In brief, the resolution of microscopes depends on the wavelength and the numerical aperture of their objective. Modern X-ray microscopes use circular transmission gratings with radially increasing line density (zone plates) as X-ray optics (Schmahl et al., 1980; Kirz et al., 1995) . The numerical aperture of zone plates corresponds to the maximum diffraction angle which is determined by the outermost zone width and the wavelength. Therefore, the resolution obtainable in the first diffraction order is given approximately by the outermost zone width. At 2·4 nm wavelength X-ray objectives with 19 nm outermost zone width have already resolved features of 25 nm size (Schneider et al., 1995a) . This comprises an approximately 10-fold higher resolution than obtained with conventional visible light microscopes. The interaction of soft X-rays with matter is dominated by elastic scattering and photoelectric absorption. The contrast mechanisms -phase contrast and amplitude contrast -are caused by these interactions. Both mechanisms allow imaging of cells in their aqueous environment because of the comparatively high transparency of water compared with organic compounds (e.g. proteins, DNA, subcellular structures) in the so-called 'water window' wavelength region between the inner-shell absorption edges of carbon at 4·4 nm and oxygen at 2·3 nm (Wolter, 1952) . The strong X-ray absorption of cellular structures containing carbon and nitrogen compared with the approximately 10-fold lower absorption of oxygen in water yields amplitude contrast images. To visualize fine structures in hydrated cells with higher contrast, the phase shift of X-rays in cellular structures and water can be used to obtain phase contrast images . This means that X-ray microscopy is sensitive mainly to the distribution of the elements in an object. Furthermore, X-ray microscopy facilitates the imaging of intact hydrated specimens of about 10 mm thickness in the water window and about 100 mm thickness at wavelengths around 0·3 nm. Therefore, structural and functional information about intact hydrated cells can be obtained using X-ray microscopy.
X-ray images were recorded on a thinned, back-illuminated slow scan charge-coupled device (CCD-camera; Photometrics, Munich, Germany). From the digitally recorded amplitude contrast images, densitometric analysis of vacuoles within the cytoplasm of KCs was performed.
Transmission electron microscopy
Conventional high-voltage transmission electron microscopy was used to image the cellular ultrastructure of about 90 nm thick sections. KCs were fixed in PBS containing 1·75% (v/v) glutaraldehyde. After fixation, KCs were dehydrated in ethanol, embedded in Epon (Serva, Heidelberg, Germany), sectioned with a MT 2B Sorvall Ultratome and studied under a Jeol 100 B electron microscope at 100 keV electron energy.
Results
Ultrastructural characteristics of Kupffer cells by transmission X-ray microscopy
The ultrastructure of a KC as imaged by amplitude TXM is demonstrated in Fig. 1 . The KC shows a large irregular surface with a limited number of cytoplasmic extensions of variable diameter and length. The cell nucleus, separated by a nuclear membrane, is clearly visible. Filaments are dispersed in the cytoplasm and seem to be engaged in the formation of a loose network between the cell organelles. These structures are concentrated in the perinuclear area and show a dense radial formation in the nuclear bay. The cytoplasm contains a number of vacuoles and bodies. From their morphological appearance two types of vacuole can be recognized by TXM. The first type comprises vacuoles that are crescent-shaped and that are half dense and half lucent to X-rays. The second type concerns bodies with a uniform density that is lower than in the dense part of the crescentshaped type. Analysis of X-ray microscopical images from different KCs reveals that the number of crescent-shaped vacuoles predominates. From the X-ray microscopical images it is obvious that a different three-dimensional orientation of vacuoles within the cytoplasm results in the observed morphological aspects. The crescent-shaped vacuole may represent a tangential orientation while the uniformly dense vacuole may represent a frontal orientation with respect to the image plane. This observation is supported by densitometric analyses of the two types of vacuole with similar diameter (Fig. 2) , which revealed that the X-ray absorption of the uniform vacuole is approximately half of the density of the X-ray dense part of the crescent-shaped vacuole.
Ultrastructural characteristics of Kupffer cells by transmission electron microscopy
The morphological aspect of vacuoles and bodies in the cytoplasm of KCs as imaged by TEM is demonstrated in Fig. 3 . The vacuoles and bodies vary more widely in diameter, density and shape than when observed by TXM. In line with previous reports by Wisse (1974a,b) , two main types of vacuole can be discriminated: (i) electron-lucent vacuoles; (ii) dense bodies. The observation of a number of divergent vacuoles as imaged by TEM in this and previous studies may be misleading in view of the three-dimensional aspects of vacuoles. It appears possible that the variation of vacuole morphology in TEM is due to imaging of different thin sections of one type of vacuole. In Fig. 3 , several sections of the crescent-shaped type are indicated that lead to different morphological aspects when imaged by TEM. Of interest, in Fig. 3(A) one vacuole is depicted that resembles the crescent-shaped vacuoles as imaged by TXM.
Phagocytosis
KCs possess a well-developed vacuolar apparatus, indicating a strong capacity to endocytose and digest large quantities of biological material. In the present study, phagocytotic activity of KCs was measured with the help of haematite particles that are easily detectable by TXM. Exposure of KC cultures to haematite particles resulted in phagocytosis by ᭧ 1999 The Royal Microscopical Society, Journal of Microscopy, 193, 250-256 almost all cells. Endocytosed haematite particles did not differ in diameter and X-ray absorption from those particles studied in aqueous dispersion. From transmission X-ray microscopical images, there are enlarged vacuoles containing masses of haematite particles within the cytoplasm of KCs (Fig. 4) . Crescent-shaped vacuoles were not detectable after phagocytosis of haematite particles.
Discussion
X-ray microscopy stands intermediate between confocal and electron microscopy. The highest resolution of TXMs is about five times better than the best confocal microscope. TEMs yield much higher resolution, but can image only thin sections of dried or frozen hydrated specimen. The facility to image aqueous specimens by TXM might be advantageous, while dehydration and embedding of the respective objects required for transmission electron microscopical studies might cause artefacts.
The ultrastructural characteristics of KCs have been well characterized by a number of studies using electron microscopy (for a review see Wisse, 1974a; Kuiper et al., 1994) . In line with these observations, we detected two main types among a variety of different vacuoles in the cytoplasm of KCs using TEM. In contrast, X-ray microscopical images revealed the presence of only one species of vacuole in the cytoplasm of KCs. These vacuoles were half X-ray lucent and half X-ray dense and appeared as crescent-shaped or uniformly dense vacuoles depending on their three-dimensional orientation within the cytoplasm. Of interest, from electron microscopical images both electron-lucent and dense vacuoles contained dark globules and incidental myelin figures (Wisse, 1974a) . From these structural entities common to both lucent vacuoles and dense bodies Wisse (1974a) has already suggested a relationship between the two types of vacuole.
After phagocytosis, the cytoplasm of KCs contained enlarged vacuoles including haematite particles, while crescent-shaped vacuoles were no longer detectable. Therefore, it can be speculated that the crescent-shaped vacuoles represent a uniform 'resting' vacuole in the cytoplasm of KCs while their morphology is altered during the process of phagocytosis.
In conclusion, the investigation of intact, aqueous specimens under TXM can provide additional information on their ultrastructure in relation to data obtained from TEM. The recently developed cryo X-ray microscopy (Schneider et al., 1995b; Schneider, 1998) will enable further studies on the kinetics of phagocytosis in unfixed and shock-frozen hydrated KCs. In our view, TXM will enable new insights into cellular biology of KCs. 
